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An investigation of Transistors es Voltage lultipliers 
9y 
Robert #۰ iverson 
end 
Seymour Y. Hoss 

Submitted to the Department of Revel Architecture 
and Warine Engineering on May 15, 1952 in partial 
fulfillment of the requirements for the degree of 
Raval :nrinser. 

The objeet of this thesis is to Pini out how Bell 
the funetion of voltace nultiplication can be secomplished 
through the vse of presently aveilable traneistors. 

Tne problem is analyzed by exprersine, in a Taylor 
Series, the qok lester current as s function of the 
fiapeté (collector voltage ank amitter current). Through 
analysis of the retultina series for sinvsoií*el inputs, 
the component of collector current at the sum or uiffer- 
ence of the input frequencies is sefearatea as 
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Cambridge, Massachusetts 
Way 15, 1952 


Professor Leicester F. Hamilton 
Assistant Secretary of the Feculty 
Massachusetts Institute of Technology 
Canbridge, Massachusetts 


Dear sir: 


in accordance with the requirements for the 
degree of Naval Engineer, fe submit herewith e thesis 
entitled "An Investigation of Transistors as Voltage 
Multipliers”, 


Respectfully, 
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klectrories Research Leporatory, who first found that 
reducing the point-contact pressure of a trensistor 
Gull nessurably streichten the constant i, curves shown 
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Io ISTRODUSEIDR 


Because multiplication of two electrical signels, 
either voltages; currents, or a combination of the two, 
is an important operation in most electrical computation, 
many schemes have been devised to yield an output propor- 
tional to the product of the inputs. It is the purpose 
of this thesis to investigate the suitability of transis- 
ters for this operation. 


Tre metbods of multiplicetion can be roushly 


divided into freqveney bande over which they are 


τῷ 


applicable. For instance, in the low frequency ranre, 
Bp to about 100 cps, many purely mechanical methoäs ere 
dveilible. ¿ne of the most accurate ani best known 
methods is that employed by Bush and e — — which 
utilized the wheel and disc interrator. The product 

ef x and y was formed in acsordance with the eqvetion: 
xy = yx ay + D y dx. The error of this method probably 
would not exceed one part in 25,000, but the equipment 
is very expensive. 

A number of other mechanical ‘nethous sere available. 
Among these sre logarithmic cams, Mechanical models of 
similer triansles, and various types of bar-linka+ces ( > 
These jevices, while slightly faster than the integrator 


method, ere also strictly limited as to frequency, snd 


have a probable error of from 0.1 to 1 percent. 
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Also in the low frequency ranre, combinstion techenicel 
ani electrical we thone, utilizing servo driven criures 
end potentiometers, have been وی‎ | Thess usvices 
have an error of about 0.1 percent, 

Àn electronic pulse method has been used in which 
one input controls the amplitude of e rectangular weve, 
and the other input controis the duty ratio’). The 
time integral of the wave is proportionel to the rrodvct 
of the two inputs. “his scheme yields sn error of lest 
than 1 percent, but is limited im freqvency to ebovt 
50 eps. 

in a medium frequency ranpe; wp to about 1 kc, 
the simple electrodynemometer ana & probability method 
have been used. The electrodynamometer operates on ihe 
principle that when two fluxes surrounüinr s fixed sni 
movable coil are esen mado proportional to an input 
voltage, the resultant torque is ¿roportional to the 
product of tbe two input voltames. The rrobability 
method, devised by Heras >?, is based on the fact that 
the probability of time ecincidence of julsee cecourring 
οὐ neneommenturable rates is probortional to the prc3ucts 
a the probabilities of the ooovrrenco of Της θε ες 


3 + 
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pulses at a given time. ne input quentities control 
the duty ratics of the variows ۴۱۸۵ sovress, while 
the duty ratio ef the owbput of a toeineimenee circuit 


gives a ment sf the Product cf tre quentities. An 
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error of less than 4 percent has been obtained by this 
method. 
Various purely electronic devices may be useá to 
perform multiplication for frequencies up to about 50 ke. 
Selected high-vacuum tubes with square-law charact- 
eristics have been utilized in this bemp”) The two 
voltages, ej and eo, to be multiplied are added and fed 
into the square-law tube. This yields es + 26 + 
Simultaneously the two voltages are subtracted end fed 
into another square-law tube whicn yields ef - 26100 ae, 
By subtracting the second of these results from the first, 
a product term, !jeje>, is obtained. Obviously any variation 
from perfect square-law characteristics in the tubes will 
cause error terms to arise. Salsencing circuits nave 
been designed to minimize such variations caused by 
aging, temperature changes and drift due to random 


| 


۱ 
fluctuations of the tube emission’. In this manner, 


ON 


errors of less than 0.5 percent have been obtained. A 
disadventage of this type circuit is the difficulty 

of separating the product (ineludins the d-c component 
of the oroduct) from the plate supply voltage. 

The use of germanium crystal rectifiers in a voltage 
range where they have approximately square-law character- 
16 ۶ 1698 largely overcomes drift difficulties. An 
additional advantage is that the input capacitance of 


these rectifiers is about one tenth that of the squsre-law 
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tubes. Fowever, the input transformer required to form 
the eum and iifference of the inputs must also step 

down the input impedance to mater the low impedanco of 
the crystals. ‘he product is then of very low voltage 
but dves not require separation from the plate supply 
voltage, es Was the case for the vacuus tubes. These 
rectifiers slso exnibit hysteresle effects, and ere not 
rehdily intercrangeable because of large variations from 


tre marmfacturer”'s 
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¡RABO "μα ΣΠ ΘΒ of 
erystel rectifiers shows little edvsntare ver o niniler 
use of vacuum tubes. 

$xponential-law devicez which use transfer charac- 
teristics of remote cut-off vyentodes, current-voltace 
cherec feristics of high veeuum diodes in the negative 
plate voltage region, and cepper-oxide or germenium 
106 ۶1 16۲۳ briügbe nave beén investigated by o mr EP, 
Théso devices have been designed with an error of less 
than 2 percent, but they exribit the same difficulties 
as the square-law devices previcusly aiscuased. ۰ 
exponential-law method utilizine the principle of 

(3) 

Giecharging capacitors hase nlsc been inveetirated ۰ 
Tee geevrecy was about four times better than the types 


de a 


mentioned above. Tlowever, 


bu 


device ie limited in 
frequency io about 2 ke dhe to the time required for 


discharge of the canacitors. 
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A earricer-frequeney multiplier bes also been devised 
Which makes use of a variable gain amplifier, the cain of 
which is controlled in acesráance with one input sisnal 


(3). 


by weens of & feedback loop The amplifier input 
is the other signal. Thus the output ie proportionel 
to the product of the two inputs. ht multiplier 8 
an upper frequency limit Sf about 50 ke. it is th 
fastest devies mentioned, 

Multiplication methods which use multi-slectrode 
vacuum tubes have viii aas. PR The converter tube has 
the property that its plate current is sroportional to 
the product of the input voltares applied to the two 
control grids. The inputs must be unidirectionel, 
therefore elternating inputs must oe suitebly hiased. 
The imgortant disedventare of the converter tube ag a 
multiplier is the @4rficulty of Seperatine the desired 
produet from the plate supply circuit. Ynis difficvity 
esn be overcome py using a tuned transfcrmr, jrovided 
lated 
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cation to the multiplier. Tke product is now shifted 
in frequeney by the amount of the cerrier end is readily 
amplified in & a-c οουυ]οά amplifier. The sense (positive 
or negative) of the product is deturcsined by ita phase 
with respect to the carrier, 

The input applied via the modulator appesrs in the 


plate circuit and passes throuch the plate-circvit tuned 
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transformer along with the product term. This input 
term is undesired, and althourh it lies outside the 
fregveney range of the desired product term, it may be 
much lerger in auplitude. The output of the desired 
term mey therefore be limited by overloading due to 


this undesired term. 


pas 


4 
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ct 


if both of tne inouts were modulated, e produet 


ct 


can be selected by means of a filter tuned to the eum 
or difference frequency of the two carrier input fre- 
5۳56165 65, There is then no undesirod term at s high 
level in the cutput of the multiplier. Overloading «nd 
limitetion of the output by the undesired term is thus 
evoided. ‘The relative cisedventege of this echeme is 
the increesed equipment reauired. 

The exemple methods mentioned ebove far from complete 
the many ways in which electronic sipnal multiplication 
nes beer sccomplished. They do, however, indicate the 
seope of the problem. 

it can be shown that any noniinear device, having 
en output which is ® function of to veriables, will 
exhibit in its output a sum or difference frequency term, 
® portion of which is frogertionel to the product of the 
Two variables. “he rest of that term sen be ecnsicdersa 
As sn error, if the error is smell ensueh, multiplieation 
ean be nicely accomplished using ϱ modulation scheme 


Similar to that employed with the converter tube described 
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above. Bowerg (29) | 


Working With e transistor, ^ns isolated 
this term. He has found that over a very limited dyneric 
range, the error portion is relatively small. in order 

to find out how well oa transistor can secomplisn the 
function cf e converter tube, this investivation has 

set out to determine this error :ortion, ani to etterrt 


to fing meane of minimizins it. 


- 





in this section the essential steps followed to 
obtain the final useful data ere described. Details of 
these steps ere presented in the Appesdiz, pages 32 to 2 


Also presenteä in the Appendir are the investi-ätions 


ies 


carried out, but leter discoutinned beeavso they led 
either to irnecnelusive or inaseguete information. 
In all the followin« Word, the symbclism es iniicnted 
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below has bee useds Luwsr-cage lettere stagi vor iretantan- 
eous vélues, upper-case letters fer ras values of sipe- 
soigelly varying quantities, upper-osse Llettors with 
subscript “mu” for peak velos of ٩11581 91 1 verftin 
quantities an? upper-case letters wits subserivrt "o for 
direst vèi ies, 

“Wo investirations were carried out Simultaneously. 
In one study the application of a comusrcial #egstern 
slectric, Trpe A-1698, transistor to multiplicetion wae 
investigated. 1&9 tbe other study n ۵۸۵ لها وبا‎ neral 
Sleetric, Typs 11, transistor was investi tel slom 
the seme lines, 

A typical set of collector vel Hals (ος) vorsus 
esllector currort (1,) chersetsristiee sre shows in 
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FIGURE 1 


MANUFACTURERS CHARACTERISTICS OF 
WESTERN ELECTRIC TRANSISTOR 
MODEL A 1698 
COLLECTOR CURRENT le E 
-12 a -8 > Sie — Y 


COLLECTOR VOLTAGE €c (VOLTS) 











voltage times emitter current, ani taking collector 
current es the output. Since the transformation of currents 
to voltapezg and vice verse :5 8 simple operation, the end 
esult of multiplying voltases end getting a voltate pro- 
pe@tionsal to the proeduet i3 still retsined, 
It follows thet for ideal multiplication, the esllector 


chaptoeteristics shnovuli be sven that whe curves of constsut 


£? 


emitter current (i,) ere rediel streicht lines enenrting 


cr 
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from ths origim. lsc, è onstent collector vol teke, the 
ineremental values cf collector current for egusi incre- 


mental values of ewitter 


G 
e 
+ 
y. 
G 
mi 
er 
je 
E 
sb 
o 
e 
ο 
^ 
ot 
m 
2 
er 
— 
ο 
(A 
x 
Q 


a: 


t: > 
- 


puso 


τρ - E °31 Όρο 


his shows that the constant le curves sre gtralcht linse 
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Mis shows thet inerements ol esilactor curreht are constent 
Ter equel inerements of enittar current. 
For any gtnerel crarseteríetics, operation cam be 


visualized from es inspection of a Teylor 2eríes expansion 
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of lẹ as a function of i, enü ep ebout an opereting point. 
This complete expension is shuwn in the Apy 


to T for tWe Binu$oià4l inputs ef SifTerent frequencies, 
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It is seen Crem this expension thet the term cuontalring 
the sum end difference of the input frequencies has a 
component that is proportional to the grodvet of the 
amplitudes of the inputs, But it ales contains componente 
Which sre proportional te other functions of the inputs; 
these sare error components. 


Vethensticslly: 
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It was found that, within ihe sceurser of the meaßure- 


ent devices employed, only the first three terms of the 
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ebove equation were of evfficient warnitude to be mersu- 
rable. If tHe fourth and subsequent terms are ignored, 


this equation becomes: 


ig (sum or = ata, + EL, + gaye (1) 
difference 7 E Ê 
frequency) 
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Rote chet the complete expression, in the Aypendir 

on vage |jl, indicetes that for ideel multiplication, s;, 
ας anf all the following coefficients muet be tero, 
thereby yielding the straight line characteristics ges- 
ribed abovs. If thet portion of the output (ig) thet is 
et the sum or iifferenee frequency of the inputs (E. end ἐς ) 
is isol5^teàÀ, perfect incremental multiplication would 

soli ii 815p, 811, $rà succosJin. coefiicionts cantributing, 
νο the fnt or difference frequency portio: v&rishet. 


Therefore ome dezirsi result was ο uetermination οὗ a, 842 
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of ON ros ing 
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and Bi A second desired result was s mona 
στ 
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85 end ainimiz. 
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ag Ha and 61۰ 
às pert of one investigation the Yoint-contact pressure 

ef @ Genperél Tlectric, Type ll, Uranaictor fas reduced. 

Mis ras the fortuitous result of méaeurebdly strain tening 

the eonstent i, curves shiwn on the collector cheracteris-= 

tics. It was further Known that adjustmerct of the paddine 

registors shown in J/ipure II wouli neve market effocts 

upon the crarrocteristies of the envivalent transietor, 

Where the equiveleant trensistor is nos consilered to be 


thet inside the terminals. 


i $15 ۰ SN 2 nus | 9 T ~ E 
intertepeñtmt adjustients ol τη وا‎ "4 Were made 
7 a 


until the characteristics of the equivelent trarsietuor, 
4 φ } E r^ 
about tre üpərsting poiut Yap ¥ Weite, Ta = 1.5 πᾶ, 


were apparently the best cbtainable in resari to reuirl 


linearity ani equel horizontal specing. 
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The two investimationws Mezssurod the coefficients £c, 
815 &nà 815 oy means of the cireuits skoWn in Sipuree iii! 


and IV. For ore investimtion the whole of Figure iI ues 
inserted within the four termlnsls s"ow» in Figure III. 
For the other, Plgure IV wes usec ag shown. Tee Ek. ij 


inputs were vsrioàí and the ^. sutput wes measured at w,- 


km 
us -109 epa, at Ju, + w, =1500 cys, πεὰ εἴ Ίω. - w, z 
+ i c E l 
1090 eps. eneurementa at the lasi two frequencies bere 


Bee to calculate the magnitudes of ap anu Sin. The 
Sions oi these coefficients were determined from s eunsid- 
κενοί f the chante tm slope oi tbe output, s0ldin 
ame input constant an increabifi@ tne other, simple 
eälculetione ere shown in the Appendix, jaře } 3 
The ekpre aign rl obtained Tor the :wtfput currást 
Wes compared with the reasured values ior overall eccuracy. 
The dynemie rante of multiplication wes üeit.rrined for a 
meximm erreur of 
mediis, pedwied traneietor of Figure lli, Yes invastigated 


Wy mebns cf the circuit of Pigore 511, while Akinteining 


multiplier outout west messurel 55 Tusnction oU the mean 
of the input freauencies. Tie accursey ef multiplieation 
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wee determined for trece Yicker frequencies, 
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FIGURE II 
EQUIVALENT TRANSISTOR 


R 





GENERAL ELECTRIC TYPE Il 
TRANSISTOR WITH REDUCED 
POINT CONTACT PRESSURE 


FIGURES TIE 
MEASURING CIRCUIT FOR DIFFERENCE FREQUENCY CURRENT 


WAVE WAVE 
ANALYZER ANALY ZER 





BIER Ecos - 4 ۷ 


ie 1.5 mg 





Ill. REBULTS 


Type A-1598 lnvestigation 

The dififrrenace fregvenoy component of the output (.,) 
Was messureld while using a stenderd, unpadled Fes tern 
fleectrie, Type A-1958, transistor in the circuit of 
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figure IV. The observed date ig Plotted on Filrures Y 
Geli Vi. Indicated 5n Pigupe V 18 the area cof operstlón 
Within Which the mexizun error of the ottput from perfeet 


multiplication was less than 5 pereent. The coefficients 


of egquetion (1) on pese 11 ware esleulated yieldinr the 
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Volts Within en eccurecy oY 1 percent. 
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EE in Figure II were inveetiv-eteti. 


Deereasing $ Tirns chs curves of constant i, clock- 
wise. The movement wes nut uniform. The i, = O 6 
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“hieh were Marly horizontal. this adjustment ed little 
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FIGURE IV 
MEASURING CIRCUITFOR DIFFERENCE FREQUENCY CURRENTS 
2 E eo 
۱ pe 
po W.E. TYPE AI698 74 
TRANSISTOR i 


¡CONS 
6 y. 
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FIGURE X 
EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT 
CURRENT VS INPUTS APRIL 15, 1952 R. G.I. 


W.E. TYPE A-1698 
CIRCUIT OF FIGURE IV 
BIASES: E,.o=-4v I, mo 


CURVE OF ; 
I¿(ma) 1¿=[0.318-0.0377 E¿ -0.350 TIE 
/ / | ee z ο ο ma» 
ROTO E 7 y 
/ Y ۰ 
y pom 
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CURVE / / 7 
/ / / / 
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/ / Y E 
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FIGURE 7 


EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT 
CURRENT VS. INPUTS (CROSS CURVE) APRIL 15,182 


R.GI. j 
Ic (ma) 
CIRCUIT OF FIGURE IVY / VOLTS 
BIASES : E¿=-4v ἵν -!.Ό πα. / 
0.060 / 
PERFECT 
MULTIPLICATION y 
0.050 
yy Ec=1.0v 
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0.040 / 


Ec = 0.5 ۷ 
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0.020 
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ne linearity of the curves incressed us 14 wes 5۵ 
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Gopromiaeteiv: R, =: 402a, سل‎ = 7600 and 3 = 0 
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FIGURE ۲ 


EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT CURRENT VS INPUTS 
APRIL 4, 1952 S,N.R, G.E. MODIFIED, PADDED TYPE II 
CIRCUIT OF FIGURE II 


I 
AMO) DASHED STRAIGHT LINES — PERFECT MULTIPLICATION 
SOLID CURVE —EXPERIMENTAL DATA x 
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DASH DOTTED CURVE —CURVE OF 
0.060 2 2 C 
I, = [0.029-0,0002 E? - 0.0008 1? ]E, 1, f 
/ 
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FIGURE ۷ 


EXPERIMENTAL DIFFERENCE FREQGUBNS οὐ) 
CURRENT VS. INPUTS (CROSS نات‎ ۷ TE SS? 


ONSE 
Ic (ma) 
G.E. MODIFIED PADDED TYRED 
CIRCUIT OFT FIGURE ΣΣ 
BIASES Eco WM Sma. 
TOEO w,=350 cps; wo=450 cps 
م۲‎ 22.0 WOLTS 
— 
PERFECH 
MULTIPLICATION 
2.050 
0.040 
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ο 0.5 QUA . 0 Le (mg) 
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Response as a unciion of Frequency of the raided Type 11 
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Figere 111۰ ‘he sum or lifference frequency eomponent 
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σος IX 


EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT 
CURRENT VS. INPUTS APRIL 25, 1952 S.NR.RGI 


G.E., MODIFIED, PADDED TYPE II 
CIRCUIT OF FIGURE II 


I 1, =0.208 ma. 
(ma) 8۱۸5۴5۰ ۴۵۶-4 
Igo 71.5 ma. 
2912 5 
e 
ὦ] = 350 CPS:: 
O ωρ:450 CPS 
`` 
ος ο ο κος 
ω25 4 KCS 
.007 5 wi=9./9 KCS 
ma! 
us * 6.75 KCS دلب‎ ۱۰ ۰ Ss 
DCN esp B 
1005 
κ w 5 KCS 
0025 w= 16 ES 
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ο ο 5 ۱ 5 20 29 
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FIGURE X 


EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT 
CURRENT VS INPUTS APRIL 29,99 9 2E NRTRCGI. 


G.E. MODIFIED, PADDED TYPE 11 









I 
( ma) CIRCUIT OF FIG. III 
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FIGURE” XI 


EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT CURRENT VS FREQUENCY 
APRIL 25, 1952 SNR RGI 
Icmo 
O. O12 
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FIGURE XII 
EXPERIMENTALLY DETERMINED DIFFERENCE FREQUENCY COEFFICIENTS VS. a 
FREQUENCY  G.E,MODIFIED, PADDED, TYPE I! TRANSISTOR. APRIL 25, 1952 5 
RGI SNR 0032 
19 
a, 4 0028 
CIRCUIT OF FIGURE πι WE 0024 
BIASES: Eco < - 4v Iso =1,5mo 
0020 0.020 
0016 0016 
0012 [- 0012 
0008 0008 
-] «0000! 
0.004 [- | 0004 
0 E O 0 
- 0.004 | 
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Optimum fb justment of Pperating roint 





For comparison purvogeé the biases .f the st&ünhobc 
£ 
Neato Llectpis, Tyne £-106%, transistor were trbitrerily 
1 2 سم‎ ‘ 
set at V an - - v sud te, 5 WE urn, It wee fet thet tie 


de 


iDlisr πος not tío sensitive 


transistor operetion ss ۶ 
to changes in the afuligsd "lases. owever, since no 
investigation of verívve osersting prints hes been wade, 

Rt cannot be Jefinitel* concluded thbt the chosen oeratine 
Point gives the maxinmut cahge bo etcuracy ef myltiplicetion. 
indecision, it i5 rotoqeénde& that further 
investigation be undertakes at cifferont olases to determine 


me optieum operatin* point. 
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He operetíns point an! pedding resictence velure 
uged wit* the moJified serersl “leetric, Type 11, trensistar 
mare Celterninec for the spproximete maxime accuracy of 


NUOPtiplicetion. ik procedure used is discussed in Wetail 


CS Wé MEM ws. Pass 230 to 38. Te tbià 256 8066, it 


Nue (Slt thet near Raxicum accvrecy wae attained. It τε 
conceivable, hoWevar, tnat this setti 18 not ۰ ۳914 8 


range of izmıta, cougsiaderime tne‏ رن ورن 6 من 1۳ وق 
mid Lhe‏ و۳۱9۲ ۵ رها و ۲ Upper limit tò be fixeài‏ 
is therefore felt‏ اد Lawer limát vo be fined Sy noise.‏ 


thet furthest dmyestination of maxima accuracy snd renge 


of inputé SApUIA De undertaken. fis coulf bë accompli smed 


39306 اج اه‎ an 194142194 AA Tet 
Ta ie rn. Mal cori) Tri 
Μυσία -- ls jd ee =” M ۵ 
Peis ieee ot) ul a ψεῑἱ1ἰσίπα è p miina ma 
"" m P". MU E NL af 
ET BeiowTeqc mmdmer 7 omi sds dd darmi 
big mn ww ασ κκ [λα ۶10۱۱۳۸۲0 =A dids TE 
Wola ος. 1: aaa nk arr mori c deis Pg 
UE Rr oo TELLE ۸ 
σπα το ο ΡΝ, ων o (0 
iie alas ale © 

65 مه نت‎ ella LLLI AS 
o J al et te ۷۰ 
a Iss E ος — 
Όμεω Ελ... κο si an απ καν ο ος αμ 
WE yere BINAE CLOSE ow dq * κ ο ده‎ 
sÀ 4b ο σσ ο ο ο... 
۱ بای‎ μυ ο ο Tht prim τν; 
و تن ان‎ δω πο ιν κ μ.ο 
AE Mee ώς αλλων Toce ow € ΠΝ. ΤΣ 
πιο Kiwi ΠΤΙ 
E E | O sea" Leu 
soto ips e κος ος μμ CE AI REA ds 





28 


[3 
er 
F^ 
a 
~ 
g 
o 


by first varying the applied biases, hen با تن‎ 


pedding resistances as elreedy described, an; finally 


e 


analyzing the difference frequency component of the output 


for penge and eccuracr. 


Comparison bet¥Ween Cutputs of Types 11 and £43 594 
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“Sr comparing the accuracy &nd range of multipliomtion 
between the two proposed tranedstor components, both Wre 


eraphieal presentetion of Fipurse V enë VII ami the 


equations (2) and (3) will Se wtilised., Por ready refer- 
enee these equations are: 

hs — 3 9 = 0.0377 E e 063858 al Co Ie (2) 
for the ovenharl (esters Alectrie, Type 4-1698, trmmesiator, 
and I, : (0.029 - 0.00902 t^ - 0,0005 IE) 6 (3) 


for the pedded, muiificd contact prvasura, 
Type 11, transistor. 
Xormeliriny theses equations with res: 


۳1۴6 1۳0 yields for equetion (2) 








"aem hasë formalized qutib it ie seño that for ery 
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Of more importance however; the error portions of the 
output of the standinrá Vestern 2lectric transistor are 17,2 
and 33.9 times as large es the corresponding error portions 
of the equivelent Cernersl :lectric transistor, 

épbitrarily ccnsidering a naximum acceptable error of 


5 percent, Figures V and Vil show that the renge of possible 


` 


input velues for the equivalent eneral  lectric treneistor 
ís about four times that cf the etenisrd Leatern  —lestri0 
transietor. 

Prom these eonsileretions it is evident, that for the 
ehosen cpereting point, the modified, padded General 
Bleetric traneisteor offers greater possibilities for 


utilization in practical multiz:lication circuits. 


Response as a Munction of frequency 

The results of the frequency investiration of the 
modificd, padded General lectric transistor are best 
anelyzed from ri 


ce ure = "3m ar 4 nspec tion of the 5 


£ 


@urves it ie coneluded thet es the wean of the input 
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frequencias is increased, the accuracy falls off alightly 
uBtil a frecuency of about 4,000 cps it reached. At 


about this frequency accuracy sterte to improve. The 


> 


optimun of accuracy is reached at about 6,200 or 7,099 ebb 


{5 


Upon further Increase in the mean of the Input frequencies, 


the accuracy of multiplication ia radicelly reduced, lt 


£1 


e 


is therefore conelvicd thab acewracy sets an uper 
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iit om Re input frecuencies of abemt 13,000 oye. 
This Sleces û eeverg frequency limitetion upon the possible 


use oi this equivalent trensistor as an electro 


O 
O 


ic multi 


Response as s function οί lempersture 
in certain eprlicationsihe frequency limitation may 


met be aritical. Secauvse of thie, è [urther investigation 


oF the effect of temperature verietions vpon the equlva- 
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leni transistor reeponse is reecomrende 


-- 


e, 


Lo 3 > P ae he u. E P > . T . . ; 
finally, an investirativa 18 recotfmended ti determine 
-} 4 نه‎ x ^ 24277 34 EP ἡ Beth ; ج‎ 
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An ettempt wes initielly meade to cheek the transistor's 
larntability to electronic multiplication by mathematical 


sualysis uf the usually sesepted linear equivalent cir- 


اس 
a‏ 


euit,. This approsch proved useless since multiplication 
is essentially @ nonlinear operation which sbviously 
could not oe derived from a linear equivalent cireuit. 
fr attempt wes then made to determine the transiator's 
edaptability to the probicm by a combination mathemetice 
and graphical anélys.s of the transistor cieracterietias 
as published oy the sanufecturer. Yu definite conclusion 
could be resched by this method because of the infinite 
ZuwbDe? of poBsible choices ss to vperatins points and 
emplitudes of pinuscidal inpube, ب‎ Further, the 
&ceuraoy of this Cyps of analyeis Wes very poor due 55 
inherent ¿raphicsl insecuracies. This becass pertlcularly 
11 sinusoidal inputs were considered. 


it was then decided te investisate the probdlen 


transistor characteristics, 


Type #-1990 investication with .irsct Inputs 


An experimental investigation of the application of an 
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4-215097", transietor Tos 


è infects were First ۵ 6 


a 
Sive primarily becavee of 


nerementeal i-o velves to 


be measured were so smell with respect to the bias ۵۵ 
that accuracy c.f zessuresent Wes not possible even efter 
Gáalencins oul & Tixe Portion of the bias. 
Type 46-1550 investigation with One Alternating Input 

In ih E EDT Ὁ cirewiscrfve this diffiewlty the 
umabetass traneistor Was lriven with a Qirect emitter 
Current IMU mi n DIRKSEN Sinusolfel ewllerctor valtegs 
pet. THe 8:0 Bike) in vas sutgal current comlid tér 
Be ifeleved by Bicckine me deco path with ê οὐ σεξ τρ 
These impedance bo tbe a-c sipnél was neclimi*le. "5 
pesulüis of trie esporimerd vere heartening. 4ith e 
properly biasel @-c signal, an ovtiwt current Proportiotwed, 
Within 5 percent, to the product of the d-e 4n4 «-c 
inputs fas ociained. Jowev'r a very Kifh atteonetíon 
between the tHe berdust of che inpuis στ: ¡he Messured 
output tas experienend. These results can oo ex, leined 
by reference to Piture i on page 9 . ¡efect mrltinli- 
avion Pill HEROES if, in ië Sree of GP tRatinn, the 
slepes of the constant مد‎ CUrved are inversely propor- 
tional to the veluss of 1,, ane the eyrves of constent 
i. are surge Lines εἰ arofitrery haPiaentel $rrcing. 
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This investigation indicated that there was ea restr.cted 
aren over Which these stipulations held within ¿lus or 
minus 5 percent. Though thie experiment wee eneovregineg 
it provided s very Wt ud solution to the renerel pretlem 


of multipjlicetion. For this reesen na further investigatien 


from this view oint was attempted, 


BResistive «adälne of Trve A-1558 


From ἃ study ot the Gesired cheratteriatica as 
diBcussped on parke 10 0f tre Foire it Was 165 1 066 ۵ 
attempt to improve the stanserd trenelstaor chsracteristies, 
To e¢e@hPlisk this the resistive network of Figure XIIJ 
wes added to fora another equivalent transistor. Through 
adjustment of tne resistors Ry, No and Ka, it was hoped to 
@ttein perfect multiplication over et least ea limited 
range ol inputs. Unfortunately thie work on the western 


Silectric tremsister, Ὁ 
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“πριν to protude the desíirel results, The 18 ۵ Flty 
of the constent ji. cvrvss coula be improved, or the 
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Werttontal paging of these curves covli be shue ۵ 


3 615157 equal. Fowever, one uf thess results oculi be 
eeeomplieled only by a ssrivsus forfeiture of the other. 
An attempt to determine e set of aptiaus values Ter the 
paddin. resistors (η, 14, 4nd 3) was not meade at tole 
juneture bém It was Yecifed that it would be more 


desireable to make & comparison cetween the multiplicative 
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FIGURE ای‎ 
EQUIVALENT PADDED TRANSISTOR 


R, R3 
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ability of a ۶ 95 4 traneistor and that of ame with 
reduced peint-contact pressure and edjusted pedding 


resistors. 
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Approximete ^l'ustment of rediin! in Figure Ii 





The qualitative effects of chances in the values of 
the padding resistors shown in Pleure II on pape 1) was 
56 و9‎ 96 by means of a plotter that awtomatically traeed 
the collector characteristics, 4n approximete adjustment 
Wee Sede for optimum redial linearity and equal horizontal 


spacing. These valves were: Ry > Luna, Ro = 1.5K, 2, = 1%, 


Stetie Cheracteristics 

Üur6uAh Wee of the cirovit of Figure lil, page 1h , 
Rich the ae generatore® bhert circuite, en attempt wae 
made to metture the static collector charectoristice for 
WGrious valves of the Dedüino resíisvore. ‘This proved 
impossible because the quantity messured Jepenied vpon 
the direction from which it was approached. this ;Wenumenon 
Wee sttributed primarily to moigturs erfectes. 
hed been serrsvated because the transistor hed been opened 
Por Lightening. ἡ typital alicrepancy shbtainet when 
Varying i, from sero to Pour se sani oack to Zerc Wal n 
resdínes ostween the first 


25 percent difference in the i 


and seecnd zers af τς. 
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Linearity Check 

To Yfetermine the effect on redial linesrity dus to 
changes in the padding resistors, the rollowing scheme 
was first tried, At a given operating: point, i, wes ۵ 


constant ènt a: alterneting sirnel (',) of known smplitude 


c 
was applied, Tre alternating component of collector 
current (1,) wes messired. If the constant ig curves 
Were to Le linser, li Pollowe thet 1, srovid be prepat- 
۳9981 to αρ. even trough it bed been obsorved on the 
plotter that changes in the pedjing resistors hed marked 
eifect on che linearity, lb proved very Aifficult to 
fiseera these effecte when utilizing tds seheme. 

A second method was tricd wrich proved miite satis- 
TESEoPy. Amitter current Was again reli constánt, but 
instead of keeping the operating point fixed snd varying 
Bay Ey was held constant ani the cperating point was 


NWevet up snü John the constant ig curve, if the ovpves 


&round the operstine point of Heo 5 -; volts en@ i,,+1.5 ma, 
ine optimum limeerity sd juwsiment yivlied Rq = 209a, Ro : My; 


Horizuntel Spseins heek 
To cheer ὑπο herisontial رده وه‎ a conetent amplitude, 
alternating signal (i,) was arplicl to the omitier. Phe 


operating point #as moved alone a constant e, line. „m 
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constant. A eunsiderstion from this point of view yielded 
optimum values oi y = Loan, ® = 750M% amd H4 - 5k. 
Linserity with these values wee checked.  olnce t! 
linearity was not greatly different fron thet obtained 
with t^e optimum for linearity, wherees theanzee in the 


resistors “sad e critical effect on evarins, it was ieécided 


Collector vharacteristics 


Sufficient data head been taker @nén determining 
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FIGURE XIV 

COLLECTOR CHARACTERISTICS OF PADDED 

TRANSITOR MARCH 17, 1952 S. N. R. 

CIRCUIT OF FIGURE IE E 
Ὁ TE E —0.5 te (mo) 


R,= 4000 
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Since tho partial derivatives at a particuler operatinc 


point are constant, the notation may be simplified by 
writing them cs b'e With subseripts. if the excursions 


Prom the operating point ars sinuscidel we can write 


Camco = emsin (t 


* ^ — 
Sls a TP, i | — ۱ 
+ 1/6 [b fes sin” nt + 20:5 Teesin Wisin ( Watry 
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